Left ventricular myocardial deformation and mechanical dyssynchrony in children with normal ventricular shortening fraction after anthracycline therapy Yiu-fai Cheung, Wen-jing Hong, Godfrey C F Chan, Sophia J Wong, Shau-yin Ha ABSTRACT Objective The M-mode-derived left ventricular shortening fraction is incorporated into most of the paediatric oncology protocols for monitoring of cardiotoxicity. This study tested the hypothesis that alteration of left ventricular myocardial deformation and mechanical dyssynchrony may occur in asymptomatic children after anthracycline therapy despite having left ventricular shortening fractions within the limits of normal. Design Cross-sectional study. Setting Tertiary paediatric cardiac centre. Methods Left ventricular longitudinal, circumferential and radial myocardial deformation was determined using speckle tracking echocardiography in 45 patients aged 15 .365.8 years. Real-time three-dimensional echocardiographic data were acquired for the measurement of left ventricular volumes and systolic dyssynchrony index (SDI), the latter derived from the dispersion of time-to-minimum regional volume using a 16-segment model. The results were compared with those of 44 controls. Results Compared with controls, patients had reduced left ventricular global systolic longitudinal strain (p¼0.012), circumferential strain (p<0.001), radial strain (p¼0.006) and circumferential strain rate (SR; p¼0.002). The cumulative anthracycline dose correlated negatively with global longitudinal (r¼À0.33, p¼0.027) and circumferential (r¼À0.32, p¼0.035) SR. The left ventricular SDI was significantly greater in patients than controls (4.4661.52% vs 3.8060.58%, p¼0.03). The prevalence of left ventricular mechanical dyssynchrony (SDI >4.96%) in patients was 16% (95% CI 6% to 29%). In patients, SDI correlated negatively with left ventricular ejection fraction (r¼À0.52, p<0.001), radial strain (r¼À0.35, p¼0.021), circumferential strain (r¼À0.37, p¼0.015) and circumferential SR (r¼À0.43, p¼0.004), but not with the cumulative anthracycline dose (p¼0.82). Conclusions Impaired left ventricular myocardial deformation and mechanical dyssynchrony may exist in children after anthracycline therapy despite having normal left ventricular shortening fractions.
Whereas anthracyclines have been widely used for the treatment of childhood malignancies, the side-effect of cardiotoxicity remains an issue of concern.
1e5 Left ventricular abnormalities are characterised by reduced ventricular mass, increased afterload and impaired contractility. 3 Importantly, a recent study showed that even children who have received a cumulative doxorubicin dose as low as 45 mg/m 2 have reduced left ventricular mass, 3 implying the absence of a safe dose that is free of cardiotoxicity.
The M-mode-derived parameter of the left ventricular shortening fraction is incorporated into most of the paediatric oncology protocols for the monitoring of cardiotoxicity. 4 This parameter is nonetheless limited to an assessment of radial contraction of two left ventricular segments, namely the mid-anteroseptal and mid-inferolateral segments. The importance of assessing not only the radial but also the longitudinal and circumferential myocardial deformation of the left ventricle has recently been increasingly acknowledged. 6 Furthermore, segmental wall motion abnormalities found during and after anthracycline therapy may not be detectable by simply assessing the left ventricular shortening fraction. 7 A shortening fraction that is within 'normal' limits may not thus always be reassuring.
The recently introduced speckle tracking echocardiography (STE) allows angle-independent quantification of myocardial deformation in different dimensions, 8 while three-dimensional echocardiography has revolutionised the understanding of the synchronous contraction of different left ventricular segments in health and disease. 9 In the present study, we tested the hypothesis that an alteration of left ventricular myocardial deformation and mechanical dyssynchrony may occur in asymptomatic children after anthracycline therapy despite having left ventricular shortening fractions within the limits of normal.
METHODS Subjects
Forty-five children with acute lymphoblastic leukaemia who had been off treatment for at least 1 year and who had a left ventricular shortening fraction within normal limits (>28%) were recruited. The cumulative dose of anthracyclines received and the surface ECG findings were noted. The echocardiographic findings of these patients were compared with those of 44 control subjects, who were healthy siblings of patients and children with functional heart murmur, non-specific chest pain or palpitation attending the cardiac outpatient clinic, for which no underlying organic causes were identified. The body weight and height of all subjects were measured and the body surface area was calculated accordingly.
Conventional echocardiographic assessment
All echocardiographic assessments were performed using the Vivid 7 ultrasound machine (GE Medical Systems, Horten, Norway). The average value of the echocardiographic indices from three cardiac cycles was used for analyses.
Standard M-mode assessment of the mid-left ventricular parasternal short axis was performed to derive the following parameters: left ventricular end-systolic and end-diastolic dimensions; thickness of interventricular septum and posterior left ventricular wall; left ventricular mass indexed for body surface area and shortening fraction. Pulsed-wave Doppler examination was performed to obtain peak mitral inflow velocities at early (E) and late (A) diastole and early deceleration time.
Tissue Doppler echocardiography was performed with the sample volume positioned at the basal left ventricular free wallemitral annular junction to obtain the following: peak early (e) and late (a) diastolic myocardial tissue velocities, e/a ratio, and peak systolic myocardial tissue velocity (s).
Speckle tracking echocardiography
STE for the determination of left ventricular strain and strain rate (SR) was performed as reported previously. 10 The fourchamber apical plane was used to assess left ventricular longitudinal strain and SR, whereas the short-axis plane at the level of the papillary muscles was used to assess left ventricular radial strain and circumferential strain and SR. Customised EchoPAC software (GE Medical Systems) was used to track speckles within the region of interest throughout the cardiac cycle for the derivation of systolic strain and SR. For quantification of regional myocardial deformation, the left ventricular free wall and ventricular septum were divided into three segments, whereas the left ventricular short-axis plane was divided into six segments. For the calculation of global longitudinal, circumferential and radial deformation, the entire traced left ventricular contours in the four-chamber and short-axis planes were used. We and others have previously reported on low intra and interobserver variability for the measurement of global longitudinal strain and SR. 11 12 Three-dimensional echocardiography Real-time three-dimensional echocardiographic imaging was performed from the apical view using a matrix array transducer (Vivid 7 ultrasound system; General Electric, Vingmed, Horten, Norway). Full-volume acquisition of the left ventricle was performed during breathhold. Offline analyses of three-dimensional datasets were performed using commercial four-dimensional analysis software (Tomtec Imaging Systems, Unterschleisheim, Germany). Quantitative analysis of the left ventricle involved the definition of two, three and four-chamber planes through the three-dimensional dataset at end-systole and end-diastole. The endocardial border was traced with a semi-automated detection process and a left ventricular cast was created for the derivation of left ventricular end-diastolic and end-systolic volumes and ejection fraction. By dividing this cast into pyramidal subvolumes based around a non-fixed central point, the timeevolume data corresponding to each of the 16 standard myocardial segments, as defined by the American Society of Echocardiography, 13 were obtained. A systolic dyssynchrony index (SDI), defined as the SD of the time taken to reach minimum regional volume for each of the segments as a percentage of the cardiac cycle, was calculated to quantify global left ventricular mechanical dyssynchrony. 9 We have similarly reported low intra and interobserver variability for measurement of left ventricular SDI. 14 
Statistical analysis
All data are presented as means6SD. The demographic and echocardiographic parameters of patients were compared with those of control subjects using Student's t test. The left ventricular volumes were normalised by body surface area, and absolute values of systolic strain and SR were presented. Global left ventricular mechanical dyssynchrony was defined by left ventricular SDI exceeding the mean +2 SD as derived from control data. Pearson correlation analysis was used to assess relationships between deformation parameters and the cumulative anthracycline dose. A p value less than 0.05 is considered statistically significant. All statistical analyses were performed using SPSS version 11.5.
RESULTS
The 45 patients (28 males), aged 15.365.8 years had all received anthracycline, doxorubicin or daunorubicin, as part of a chemotherapeutic regimen for the treatment of acute lymphoblastic leukaemia. The median cumulative anthracycline dose was 240 mg/m 2 (range 120e470 mg/m 2 ). None of the patients required cardiac irradiation. The patients were studied at a median of 6.3 years (range 2.7e19.8 years) after the last dose of anthracyclines. All of the patients had a sinus rhythm and none had prolongation of QRS duration. All patients were asymptomatic without the need for cardiac medications. Table 1 summarises the echocardiographic findings in patients and controls. Albeit within the limits of normal, the left ventricular shortening fraction was slightly but significantly lower in patients than controls (p¼0.001). Compared with controls, patients had significantly greater left ventricular end-systolic 
Conventional echocardiographic parameters

Myocardial strain and SR
The left ventricular longitudinal, radial and circumferential regional systolic strain parameters of patients and controls are shown in figure 1 . The longitudinal systolic strain of the left ventricular free wall was similar between patients and controls, whereas that of the basal (p¼0.03) and mid (p¼0.03) septum was lower in patients. The systolic radial strain of all of the six segments was significantly lower in patients than controls (all p<0.05). Of the global strain and SR parameters in patients, the cumulative anthracycline dose correlated significantly with global longitudinal (r¼À0.33, p¼0.027) and circumferential (r¼À0.32, p¼0.035) SR, whereas the time from completion of chemotherapy correlated with global longitudinal strain (r¼À0.33, p¼0.032) and SR (r¼À0.33, p¼0.03).
Three-dimensional global left ventricular mechanical dyssynchrony
The left ventricular SDI was significantly greater in patients than controls (4.4661.52% vs 3.8060.58%, p¼0.03). Based on control data, global left ventricular mechanical dyssynchrony was defined as SDI greater than 4.96%. The prevalence of left ventricular systolic dyssynchrony in patients was 16% (seven of 45) (95% CI 6% to 29%). Figure 2 shows examples of synchronous and dyssynchronous contraction of different left ventricular segments during systole in a control and a patient, respectively.
In patients, SDI correlated negatively with three-dimensional echocardiography-derived left ventricular ejection fraction (r¼À0.52, p<0.001), global systolic radial (r¼À0.35, p¼0.021) and circumferential (r¼À0.37, p¼0.015) strain and global circumferential systolic SR (r¼À0.43, p¼0.004), but not with age (p¼0.1), left ventricular shortening fraction (p¼0.58), global longitudinal strain (p¼0.24) and SR (p¼0.22), time from completion of chemotherapy (p¼0.82) or the cumulative dose of anthracyclines (p¼0.82). Multiple regression analysis was used to identify significant correlates of SDI in patients. The dependent variables entered were those found to be significant by univariate analysis as listed above. The left ventricular ejection fraction was identified to be the only significant correlate (b¼À0.51, p<0.001).
DISCUSSION
Our findings suggest that children after anthracycline therapy, albeit having left ventricular shortening fraction within normal limits, may have reduced left ventricular myocardial deformation in all of the three dimensions. Importantly, dyssynchronous left ventricular contraction was documented for the first time using three-dimensional echocardiography in these children, with a prevalence of 16% in our cohort. The present study represents a paradigm shift in the monitoring of anthracycline cardiotoxicity from conventional assessment of changes in the left ventricular cavity dimension to direct assessment of magnitude, rate and synchronicity of myocardial deformation.
While frequently incorporated into paediatric oncology protocols for the monitoring of left ventricular systolic function, 4 the M-mode-derived shortening fraction has its limitations. Derivation of the left ventricular shortening fraction depends on the method used to obtain left ventricular dimensions, 15 and values can vary considerably between different observers. 16 Additional issues include assessment being limited Toxic
to the radial contraction of two myocardial segments and load dependency. The incorporation of end-systolic wall stress in the evaluation provides a means to adjust for the afterload, although this has not been widely adopted in clinical practice. 4 In patients who may otherwise be regarded as having normal left ventricular systolic function based on isolated M-mode findings, the new echocardiographic techniques have unmasked evidence of left ventricular systolic dysfunction, as characterised by reduced and dyssynchronous systolic myocardial deformation.
Increasing data suggest that systolic strain and SR are strong indices of ventricular contractility.
17e19 It is worth noting that the peak systolic SR, which represents the rate of myocardial deformation, may even better reflect the rate of myocardial force generation and hence contractility. 18 20 Ganame et al 21 have reported on the reduction of predominantly longitudinal regional strain and SR as determined by tissue Doppler imaging in children after low-dose anthracycline (#300 mg/m 2 ) therapy. Nonetheless, the limitations of tissue Doppler imaging include angle dependency, limitation of assessment of myocardial deformation to one dimension and susceptibility to noisy artefacts. 22 23 By contrast, STE has the advantages of angle independence, 24 the generation of more reproducible SR profiles, 11 and allowing comprehensive assessment of both regional and global left ventricular myocardial deformation in three dimensions. The importance of assessing not only longitudinal but also radial and circumferential myocardial deformation of the left ventricle is increasingly acknowledged. 6 Our findings suggest that indices of radial and circumferential, in contrast to longitudinal, deformation are perhaps more sensitive in the detection of left ventricular systolic dysfunction after anthracycline therapy ( figure 1) . Indeed, the more sensitive nature of circumferential deformation has been shown in adults with myocardial ischaemia. 25 Notwithstanding the lack of data on left ventricular mechanical dyssynchrony in patients after anthracycline therapy, two recent case reports suggested a favourable effect of cardiac resynchronisation therapy (CRT) on anthracyline-induced cardiotoxicity in patients with normal QRS duration. The first described the prompt improvement of left ventricular ejection fraction in a 9-year-old girl who developed acute heart failure during chemotherapy for acute myeloid leukaemia, 26 whereas the second reported on the normalisation of left ventricular ejection fraction in a 46-year-old woman who developed severe heart failure after completion of chemotherapy for breast cancer. 27 In another small series of four adults with doxorubicin-induced cardiomyopathy in association with left bundle branch block and prolonged QRS duration, the impact of CRT-induced left ventricular reverse remodelling was reported to sustain over a mean follow-up duration of 18.5 months. 28 Although these anecdotal reports appear encouraging, the prevalence, correlates and clinical implication of left ventricular mechanical dyssynchrony in patients after anthracyline therapy remain unclear. To our knowledge, this is the first study to explore mechanical dyssynchrony by three-dimensional echocardiography in children after anthracycline therapy.
In our asymptomatic patient cohort, the finding of a 16% prevalence of left ventricular mechanical dyssynychrony is intriguing. The abnormal SDI has clinical implications as shown by its negative correlations with left ventricular ejection fraction and myocardial deformation in the circumferential and radial dimensions. Similar to the two reported patients, 26 27 our patients had normal QRS duration and absence of left bundle branch block. Therefore, electrical dyssynchrony is unlikely to be the culprit. Multifocal areas of patchy interstitial fibrosis are characteristic features of myocardial biopsies from patients with anthracycline cardiomyopathy. 29 An ovine model of anthracycline-induced cardiotoxicity has revealed the heterogeneous distribution of left ventricular fibrosis based on histology and late gadolinium enhancement on cardiac magnetic resonance. 30 Segmental fibrosis of the left ventricle in vivo has indeed been suggested by subendocardial late gadolinium enhancement in adults with anthracycline cardiotoxicity following treatment for Ewing's sarcoma. 31 It is possible, albeit speculative, that non-uniform alteration of left ventricular myocardium by anthracycline may contribute to left ventricular mechanical dyssynchrony. The magnitude of mechanical dyssynchrony is not, however, related to the cumulative anthracycline dose or the time from completion of chemotherapy. Taken together, the present findings can perhaps provide further rationale for the consideration of CRT in patients with refractory left ventricular failure after anthracycline therapy.
In the present study, we have limited cardiac assessment to patients who had been off treatment for at least 1 year. Further application of these new techniques in echocardiographic surveillance during the administration of chemotherapy might facilitate the early detection of myocardial dysfunction for timely intervention. Longitudinal studies are nonetheless required to provide evidence as to whether this approach would alter the course of anthracycline-induced cardiomyopathy.
Several limitations to this study warrant comment. The crosssectional nature of the present study does not provide information on the value of myocardial deformation and dyssynchrony parameters in prognostication, an issue that requires clarification by longitudinal studies. Second, we have not calculated the global radial SR, as averaging of the radial SR of the six segments is not feasible with the present version of the software. Third, although STE allows interrogation of global strain and SR parameters in the three dimensions, these parameters are not entirely load dependent and need to be interpreted with caution when an alteration of cardiac status with acute changes in load is anticipated. Changes in load are of particular relevance for our group of patients, given the well-documented finding of increased afterload secondary to decreased wall thickness and left ventricular mass, 1 3 32 which have been demonstrated to progress with time. 3 In conclusion, a normal left ventricular shortening fraction in children after anthracycline therapy may not be completely reassuring, and an assessment of the magnitude, rate and synchronicity of myocardial deformation may provide additional insights on the alteration of left ventricular mechanics.
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